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ABSTRACT: This review is reported about the classification, advancement in method of synthesis and characterization. Various methods are there for the synthesis of hybrid microgels of required properties. Characterizations of these multifunctional materials are given with special reference to vibrational, scattering and imaging techniques. Special application with respect to biomedical applications is also focused shortly. 
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Gels: are three dimensional cross linked structures, with a unique property of swelling when placed in some proper solvent media (lyogel). When the solvent media is aqueous then they are known as hydrogel [1]. Gels obtained from of biological systems are agarose, carrageenan, gelatin, pectin, and agar [2, 3]. Fibrin clots is another biological gels, which are comprises of fibrinogen monomer produced by series of enzymatic polymerization reactions [4]. Some synthetic organic systems shows the properties of gels at certain temperature and concentration, for example, very dilute solution of polyvinylchloride in di(2-ethylhexyl) phthalate become gels on decrease in temperature [5]. Styrene-divinyl benzene copolymer swollen in some organic solvent [6] and a 2-hydroxyethyl methacrylate ethylene glycol dimethacrylate copolymer become gel in water [7, 8]. Silica gel is an example of inorganic gel in swollen state [9, 10].
Microgels: Microgels are also cross linked three dimensional colloidal structures having size within the range of 100 nm to 5 µm [11, 12] in the swollen state. Shrinked microgels are within the range of 1nm-100 nm [13] having dispersive property in solvent [14]. Microgels are very sensitive toward external environmental stimuli like temperature [15], pH [16], salt content in the media [17], electromagnetic field [18], nature of the solvent [19], electrolytic concentration [20], sugar content [21], osmotic pressure [22] and some metal like Pb [23] and K [24]. Most widely studied microgels till now is poly(N-isopropylacrylamide), which shows changed in volume with change in temperature [25].
Hybrid Microgels: Now days a new class of microgels has been introduced known as hybrid microgels synthesized by loading inorganic nanoparticles into microgels [26]. Interesting functional hybrid microgels are prepared by combining organic polymer with the inorganic part such as Quantum dots [27], Ag [28], magnetic particles (Fe2O3) [29] and Au [30]. There is symbiotic relationship between organic and inorganic part in hybrid microgels in which organic part (microgels) maintain colloidal nature and the inorganic part imparts optical properties like photoluminescence [31] or surface plasmon resonance [32] to the hybrid microgels. Gold nanoparticles, with different shape have been synthesized, such as platelets [33], polyhedrons [34] spheres [35], rods [36] and multipods [37].
CLASSIFICATION OF HYBRID MICROGELS
Physically Cross-linked Microgels: In physically cross-linked microgels, network formation are occurs due to Van der Waal’s forces of attraction, for example, hydrophobic [38] or ionic interactions [39]. Physically cross-linked microgels are mostly used for the encapsulation of drugs which are released on dissolution of the polymer layer network. Physically crosslinked microgels largely depend on some factors, like polymer composition, ionic strength of medium and temperature. Physically crosslinked microgels are usually synthesis from biopolymers and their typical examples include alginate [40], carrageenan [41], dextran and agarose [42].
Chemically Cross Linked Microgels: Chemically crosslinked microgels are somewhat more stable than their physically crosslinked counterparts due to covalent nature. Covalently crosslinked microgels are typically synthesis by copolymerizing monomers in the presence of a multifunctional crosslinking agent. For example, poly (2-hydroxyethyl methacrylate) is a widely studied microgel synthesized from 2-hydroxy methacrylate with ethylene glycol dimethacrylate [43]. 
Thermo-responsive Microgels: Microgels that give response on slight change in temperature are thermo-responsive microgels. Polymer poly(N, N’-diethylacrylamide) [44], poly(N-isopropylacrylamide) [45], 3-poly(N-isopropyl acrylamide/acrylamide) [46], and poly(N-isopropylacrylamide- co-acrylic acid) are behaved as thermo-responsive polymer [47]. Thermo-responsive microgels exhibit a significant change in volume at the volume phase transition temperature [48]. Temperature above the lower critical solution temperature (LCST), the microgels particles present in shrinked form, and below the LCST, they turned into hydrophilic and become swell. This property of microgels makes them more attractive for their application in controlled drug release and diagnosis.
pH Responsive Microgels: Microgels that can response on slight change in pH are pH responsive microgels. Various examples reported in the literature are poly(acrylic acid)/poly(vinyl amine) (PAAc/PVAm) [49], poly(methyl methacrylate-co-methacrylic acid) [P(MMA-co-MAA)] [50], poly(2-vinylpyridine) (P2VP) [51], and poly[2-(diethylamino) ethyl methacrylate] (PDEA) [52].
Salt Responsive Microgels: The microgels having ability to respond against salt concentration are salt-responsive microgels. Hydrodynamic radii of the hybrid microgels largely depend upon type and electrolyte concentration. Electrolytes affect the hydrodynamic radius, colloidal stabilization and zeta potential of microgels. It was observed that hydrodynamic radius decreases with increasing ionic strength of electrolyte in the dispersion medium [53].
Multi-Responsive Microgels: Multi responsive microgels give response against two or more than two stimuli at the same time. Microgels showing Dual-response toward external stimuli are usually PNIPAM-based for example poly(N-isopropylacrylamide-co-acrylic acid) P(NIPAM-co-AAc) can respond against temperature and pH [54]. Poly-[2-(N-morpholino) ethylmethacrylate] microgels can response to external temperature, salt concentration, stimuli including pH and organic solvents. poly-[2-(N-morpholino)ethylmethacrylate] microgels can interact with electromagnetic field of Fe3O4 magnetic particles [55].
Electrical Signal Sensitive Microgels: Microgels showing change in their volume in the presence of applied electric field is known as electric signal responsive microgels [56]. Chitosan based gels are mostly used in electrically modulated drug delivery.
Light Sensitive Microgels. These gels are very sensitive toward light, and undergo change in volume on light exposure. These gels are widely used in cartilage tissue engineering [57] and photo-responsive artificial muscles [58].
Hybrid microgels can be classified based on type of polymerization during the synthesis, organic material used like N-isopropylacrylamide (NIPAM), acrylic acid (AA) and N-vinylcaprolactam (VCL), inorganic material as gold, platinum, silver, palladium, zinc oxide, iron oxide, cadmium telluride and cadmium selenide nanoparticles as inorganic part. Properties and applications are another base to classify the hybrid microgels like the magnetic, photoluminescent and plasmonic properties [59].
SYNTHESIS OF MICROGELS
Synthesis of microgels can be divided into different classes on the basis of mechanism. Mostly the microgels are synthesized by emulsification methods. 
Microgels Formed by Homogeneous Nucleation. In this method soluble monomer are polymerized in simple round bottom flask by adding some cross linking agent. Over the course of polymerization the microgels appear as insoluble polymer. Poly N-isopropylacrylamide can be synthesis by using this method because it is insoluble in water. Polacrylamide cannot be prepared by this method by homogeneous nucleation as it swell to give macrogels. Following types of polymerization occurs via homogeneous nucleation
a. Surfactant free emulsion polymerization 
b. Emulsion polymerization
Surfactant Free Emulsion Polymerization: Thermo-responsive hybrid microgels are usually prepared via surfactant free emulsion polymerization microgels and are prepared by simple temperature controlled magnetic stirring of monomer along with oxidizing agent without the use of any surfactants. Typically, the reactor is feed with monomer, water, surfactant and radical initiator soluble in water. The monomer is initially present in the form of suspended drop, whereas at the end of the polymerization process the polymer is obtained stabilized particles [60, 61].
Inverse Emulsion Polymerization: Water in oil emulsion system is used in this process. In inverse polymerization polymerized microgels obtained in emulsion form which is then precipitated from organic liquid [62].
Core–Shell Type Microgels Preparation: Thermosensitive core shell microgels were first synthesized by Makino [62]. Core–shell latex nanoparticles prepared by emulsion polymerization have been available. The core particles are first prepared via emulsion polymerization. There are a number of problems in the synthesis of core–shell microgels particles. Firstly, uniform seed generation nucleation controlled. That is, synthesis of uniform core–shell particles, stage-2 polymer chains should be deposit on existing particles, avoiding secondary nucleation of stage-2 particles. Secondary nucleation of stage-2 polymer is a major problem. EM technique is commonly used for the identification of secondary nucleation. Usually secondary stage nucleation involves more population of particle around larger core-shell polymer. Another challenge involves rearrangement of core–shell particles into more complex appearance. For example, preparation of core shell particles with more hydrophobic shell is very difficult.
Synthesis of Hybrid Microgels: Different methods are now been used for the synthesis of hybrid microgels. Metal NPs are mostly prepared by chemical or photo reduction [63], chemical reduction with the help of radiation [64], microwave-assisted synthesis and thermal decomposition [65]. Silver fabricated poly (N-isopropylacrylamide-co-acrylic acid) (poly (NIPAAm-co-AAc)) are synthesized by using NaBH4 as a reducant [66]. As Poly (N-isopropylacrylamide) (PNIPAAm) is biocompatible, aqueous soluble with very low cytotoxicity [67]. These properties make them very important in biomedical application. 
Organic-inorganic hybrid microgels containing Au fabricated into the poly-NIPAAm-co-allylacetic acid have been prepared. Experimental data shows that the allylacetic acid enhanced the temperature sensitivity of the microgel. The Au NRs used change the behavior of fabricated polymer like poly(styrene ulfonate)/poly(allylamine hydrochloride) with layer-by-layer polyelectrolyte [68].
Emulsion Polymerization: It is actually a radical polymerization in which emulsion comprises of water, monomer and surfactant, is stir for particular time at specific temperature. Emulsion polymerization extensively used to encapsulate different kinds of inorganic nanoparticles. Process involves encapsulation of metal oxide in polystyrene [69]. Emulsion polymerization method has a disadvantage known as the diffusion processes so this polymerization process is not usually used for the encapsulation of nanoparticles into the matrix of microgel. However, batch emulsion polymerization used to incorporate, macro-monomer, co-monomers and the synthesized polymer particles [70].
Mini-emulsion Polymerization: In Mini-emulsion polymerization, two separate phases are vigorously stirred as shown in figure 1. 
In order to obtain polymer of micron, two phases consist water insoluble monomer and aqueous phase containing surfactant. The initiator used can be water soluble. The large surface area of the very small droplets increases ability particles to capture radical produced during the polymerization by the initiator.
[image: ]
Figure 1: Diagrammatic explanation of mini-emulsion polymerization [70]
Till now various inorganic particles have been incorporated into microgels through mini-emulsion polymerization like TiO2 [71] and ZnO [72]. In water in oil (w/o) polymerization or inverse micro-emulsion process the droplets of w/o micro-emulsions are in the form of tiny compartments known as “nano-reactors”. Deng prepared different variety of particle by using micro-emulsion polymerization [70]. Now days this technique is widely applied for the preparation of nanoparticles [71], metal oxide [72] and complex material [73].
Encapsulation of Inorganic Parts into Microgels: Incorporation of inorganic nanoparticles is usually carried out by emulsion or precipitation polymerization. In this method covalent bond is usually formed between nanoparticles and microgels. For encapsulation generally polymerization techniques followed is like to encapsulation of silica and gold. Encapsulation of inorganic particle into the microgels occurred during the above mention method of hybrid microgels polymerization. Inorganic particle can also be incorporated into the microgels by following physical method. 
Physical Encapsulation: Physical encapsulation may occur through polymer adsorption and layer by layer assembly. It involves single or multilayer adsorption of charged inorganic particle (charged seed) on the counter charged polyelectrolytes. Main purpose of the method is to entrap the inorganic particle into polymer shell layer. In this type of encapsulation physical interaction is there in between the two component of hybrid microgel. This interaction may be created due to the presence of polar functional group in the polymer like thiol group present in Glutathione. Physical interaction may be ion pairing, complexation and dipole-dipole interaction [74].
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Figure 2: Encapsulation of nanoparticles via layer-by-layer (LBL) assembly [75]


Polymerization after Adsorption on Seed: This newly developed method was first described by the Furusawa in 1999 and prepared to load inorganic particles into the core of cationic sensitive PNIPAAm. This technique involved the encapsulation of inorganic part through adsorption on seeded organic polymer part that is actually electrostatic force of interaction between two parts [75, 76].
Double Emulsion like Process: This oil in water in oil (o/w/o) has been extensively used for encapsulating iron oxide particles into polymer. It involves synthesis in oil phase in organic solvent water either through oil in water in oil system [77] or water in oil in water system [78]. Compatibility point of view encapsulation of inorganic particles, dispersed in inorganic media and hydrophobic nanoparticles in organic media having organic polymer matrix. Bodmeir introduced the method of water in oil in water encapsulation techniques as shown in figure 3 [79].
[image: ]
Figure 3: w/o/w emulsion like process [80]
CHARACTERIZATION OF HYBRID MICROGELS
Various characterization techniques are used for the determination of particle size, shape and the morphological study of hybrid microgels.
UV-Visible Spectroscopy: Hybrid microgels absorb UV-Visible region light because of resonance oscillation originated at the interface polymer matrix and nanoparticles in fact due to a surface plasmon resonance (SPR) phenomenon. As the every microgel containing nanoparticles exhibits surface plasmon resonance highly dependent upon pH and temperature.
Surface Plasmon Resonance property of hybrid microgels used to evaluate the kinetics of loading of nanoparticles in the matrix of organic polymer and important one is the study of volume phase transition of hybrid microgels; decider of when and how much hybrid microgels would unload. Change in volume phase transition highly dependent upon the gap between the nanoparticles and polymer within the matrix, which ultimately depend upon the pH and temperature [81]. 
Fourier Transform Infrared (FTIR) Spectroscopy Functional groups of the microgels are determined by the FTIR spectroscopy. This technique also confirms the successful interaction between the nanoparticles and microgels as after the incorporation of nanoparticles into the matrix of microgels spectra recorded again. Fourier Transform Infrared (FT-IR) spectra is very effective tool to predict the molecular structure of microgels and the strength of interaction between inorganic nanoparticles and microgels as the bond frequency highly effected by the interaction between the two parts [81, 82].
Thermogravimetric Analysis: Thermal analysis is for the study of different parameter like phase transition temperature, adsorption and desorption nature of the hybrid microgels,  thermal degradation, type and extent of grafting in the microgels, extent of polymerization, loading of nanoparticles in the microgels and percentage purity of hybrid microgels along with extent of water in the microgels. 
X-Rays Diffraction analysis (XRD): Characterization, purity, structure and presence of inorganic nanoparticles are confirmed by XRD analysis as the each particular inorganic component gives specific intensity signal [83] i.e. Bragg reflection at 2θ from which particle size determined using Debye-Scherrer formula [84]. Crosslinking and percentage composition is determined with advanced technique known as energy dispersive XRD. 
Electron Microscopy (EM): Morphological study as well as interior surface of the hybrid microgels studied by high resolution technologies likes scanning electron microscopy and transmission electron microscopy. Some of the very important physical properties are studied are shape, size, appearance and polydispersity. As these properties greatly dependent upon the method hybrid microgels preparations and the condition given to the method, it highly helpful to decide what method should followed to prepare the particular range of particles [85]. Current emerging application of TEM is reported to be used to study the swelling and de-swelling behavior of core-shell microgels [86].
Atomic Force Microscopy: Specialty of this amazing technology is to give 3 dimensional views with high resolution, cross-sectional analysis, to give images of collapsed hybrid microgels, samples in solution form and now volume phase transitions of hybrid microgels are study using this technique [86].
Dynamic Light Scattering: Most demanding property of hybrid microgels is its hydrodynamic study which is highly dependent on pH, sugar content and temperature. Extent of change in volume that is swelling and de-swelling determined by scattering method i.e. angle of scattering. The size, size distribution, hydrodynamic diameter and determined with the help of dynamic light scattering (DLS). It can be of following types. 
a. Angular dependent photon correlation spectroscopy
b. Photon correlation spectroscopy (PCS)
Light scattering goniometer is commonly used for angular dependent photon correlation spectroscopy. At fixed scattering angle of θ = 60 at λ = 661.8 nm, swelling curves were appeared. The measurement is taken thermal equilibrium of the solution. PCS is used to determine the hydrodynamic functionality of microgels [87]. All the thermal dependent measurements are taken at a fixed scattering angle of 600. The hydrodynamic radius can be calculated by using Stokes- Einstein equation:

Where q =   is the magnitude of the scattering vector, kBT is the thermal energy, η is viscosity and n is the refractive index of the solvent [88, 90].
BIOMEDICAL APPLICATIONS
Hybrid microgels containing inorganic nanoparticles are widely used in different field of biochemistry and biotechnology. Hybrid microgels sensitive to photo-thermal stimuli also have interestingly uses in drug delivery. Some hybrid microgels containing dyes as nanoparticles are responsible for photosensitivity [91, 92] a basic requirements for imaging. For a polymer to be photosensitive should have resonance wavelength in between 800 nm-1200 nm. This range is known as water window as it can penetrate through body tissue [93]. Hybrid microgels extensively used in vitro as well as vivo diagnostic purpose likes bio-separation, immobilization of biomolecules, purification etc. and in therapeutic application. Therapeutic application involves the drug delivery, bio-imaging and targeted treatment of cancer cells [94]. Inorganic nanoparticles such as ZnO, Ag, Au, and quantum dots are widely used. Hybrid microgels shows, optical, magnetic, electronic, and catalytic properties [95]. Iron oxide containing microgels have supra magnetic properties which make them to be very effective in the separation of biomolecules and it acts as simple and rapid responsive carrier hence can be used for the coupling of biomolecules. SPION (supra paramagnetic iron oxide nanoparticles) are acts as excellent carriers for biomolecules (antibodies, proteins, antigens etc.) for in vitro diagnostic field, in purification and separation of these molecules as probe for RNA/DNA hybridization & identification [96]. One of the most interesting applications of hybrid microgels is their uses as biosensors like sensing of glucose. Currently, hybrid microgels used in the determination glucose as glucose indicator in the biomedical field because the glucose monitoring is very important for healthy life [97]. Hybrid microgels have been successfully loaded with glucose oxidase via electrochemical method [98]. Hybrid microgels containing targeted drug, release on change in temperature, pH and ionic strength [99-102]. This also was used to control the loading and release polymer molecules [103-105]. Salt-triggered sensitivity of hybrid microgels promises to become a very easy, effective and important for the loading and release of sensitive macromolecules as well as drug such as amino acids, enzymes and DNA in micro containers [74, 106-107].

CONCLUSION
Different method of synthesis of hybrid microgel and their current modern characterization enable us to synthesis of hybrid microgel of our interest functionalities, including their morphology, shape, response ability, size and loading of inorganic particles into the matrix of organic part. Extent and target release of loaded drug from hybrid microgels is largely controlled by method of preparation and procedure follow for the loading of drug into the microgels. The major problem faced to process synthesis of hybrid microgels is the incompatibility of inorganic part (metal or metal oxide) with organic polymer part. Currently hybrid microgels gained huge application in the different field like controlled drug delivery, cell imaging and treatment of target cell especially cancer cell. Hybrid microgels are extensively used in specific nucleic acid capture, immunoassay, cell sorting and in various biotechnological applications. 
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INTRODUCTION


Gels:


 


are


 


three dimensional cross linked 


structures


, with a 


unique property of swelling when placed in some proper 


solvent media (lyogel). When the solvent media is aqueous 


then they are 


known as hydrogel


 


[1]


.


 


Gels obtained from of 


biological systems are agarose, carrageenan, gelatin, pectin, 


and agar


 


[2, 3]


.


 


Fibrin clots is another biological gels, which 


are comprises of fibrinogen monomer produced by series of 


enzymatic polymerization re


actions


 


[4]


. Some synthetic 


organic systems shows the properties of gels at certain 


temperature and concentration, for example, very dilute 


solution of polyvinylchloride in di(2


-


ethylhexyl) phthalate 


become gels on decrease in temperature


 


[5]


. Styrene


-


divi


nyl 


benzene copolymer swollen in some organic solvent


 


[6]


 


and a 


2


-


hydroxyethyl methacrylate ethylene glycol dimethacrylate 


copolymer become gel in water


 


[7, 8]


. Silica gel is an 


example of inorganic gel in swollen state


 


[9, 10]


.


 


Microgels:


 


Microgels are al


so cross linked three dimensional 


colloidal structures having size within the range of 100 nm


 


to 


5 µm


 


[


11, 


12]


 


in the swollen state. S


hrinked microgel


s are 


within the range of 1nm


-


100 nm


 


[13]


 


having dispersive 


property in solvent


 


[14]


.


 


Microgels are very s


ensitive toward 


external environmental stimuli like temperature


 


[15]


, pH


 


[16]


, salt content in the media


 


[17]


,


 


electromagnetic field


 


[18]


, nature of the solvent


 


[19]


, electrolytic concentration


 


[20]


, sugar content


 


[21]


, osmotic pressure


 


[22]


 


and some 


metal like Pb


 


[23]


 


and K


 


[24]


. Most widely studied microgel


s


 


till now is poly(N


-


isopropylacrylamide), which shows 


changed in volume with change in temperature


 


[25]


.


 


Hybrid Microgels


: Now days a new class of microgels has 


been introduced known as 


hybrid microgels synthesized by 


loading inorganic nanoparticles


 


into microgels


 


[26]


. 


Interesting functional hybrid microgels are prepared by 


combining organic polymer with the inorganic part such as 


Quantum dots


 


[27]


, Ag


 


[28]


, magnetic particles (Fe


2


O


3


)


 


[2


9]


 


and Au


 


[30]


. There is symbiotic relationship


 


between organic 


and inorganic p


art in hybrid microgels in which organic part 


(microgels) maintain colloidal nature and the inorganic part 


imparts optical properties like photoluminescence


 


[31]


 


or 


surface plas


mon resonance


 


[32]


 


to the hybrid microgels. Gold 


nanoparticles, with different shape have been synthesized, 


such as platelets


 


[33]


,


 


polyhedrons


 


[34]


 


spheres


 


[35]


,


 


rods


 


[36]


 


and multipods


 


[37]


.


 


CLASSIFICATION OF HYBRID MICROGELS


 


Physically Cross


-


linked 


Microgels:


 


In physically cross


-


linked 


microgels, network formation are


 


occurs


 


due to Van 


der Waal’s forces of attraction, for example, hydrophobic


 


[38]


 


or ionic interactions


 


[39]


.


 


Physically cross


-


linked 


microgels are mostly used for the encapsulation of d


rugs 


which are released on dissolution of the polymer layer 


network. Physically crosslinked microgels largely depend on 


some factors, like polymer composition, ionic strength of 


medium and temperature. Physically crosslinked microgels 


are usually synthesis


 


from biopolymers and their typical 


examples include alginate


 


[40]


,


 


carrageenan


 


[41]


, dextran and 


agarose


 


[42]


.


 


Chemically Cross Linked Microgels:


 


Chemically 


crosslinked microgels are somewhat more stable than their 


physically crosslinked counterparts due to covalent nature. 


Covalently crosslinked microgels are typically synthesis by 


copolymerizing monomers in the presence of a 


multifunctional cross


linking agent. For example, poly (2


-


hydroxyethyl methacrylate) is a widely studied microgel 


synthesized from 2


-


hydroxy methacrylate with ethylene 


glycol dimethacrylate


 


[43]


. 


 


Thermo


-


responsive Microgels:


 


Microgels that give 


response on slight change in tem


perature are thermo


-


responsive microgels. Polymer


 


poly(N,


 


N


’


-


diethylacrylamide)


 


[44]


, poly(N


-


isopropylacrylamide)


 


[45],


 


3


-


poly(N


-


isopropyl acrylamide/acrylamide)


 


[46]


, and poly(N


-


isopropylacrylamide


-


 


co


-


acrylic acid) are behaved as thermo


-


responsive polyme


r


 


[47]


. Thermo


-


responsive microgels 


exhibit a significant change in volume at the volume phase 


transition temperature


 


[48]


. Temperature above the


 


lower 


critical solution temperature


 


(LCST)


, the microgel


s


 


particles 


present in shrinked form, and below the LC


ST, they turned 


into hydrophilic and become swell. This property of 


microgels makes them more attractive for their application in 


controlled drug release and diagnosis.


 


pH Responsive Microgels:


 


Microgels that can response on 


slight change in pH are pH resp


onsive microgels. Various 


examples reported in the literature are poly(acrylic 


acid)/poly(vinyl amine) (PAAc/PVAm)


 


[49]


, poly(methyl 


methacrylate


-


co


-


methacrylic acid) [P(MMA


-


co


-


MAA)]


 


[50]


, 
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